Reactions on the Silicon (lOO)-2xl Surface: Characterization of Oxygen Insertion and the Amino Acid Deposition using Electronic Structure Theory by Ferguson, Glen
150
ReactionsontheSilicon(100)-2xlSurface:
CharacterizationofOxygenInsertionandthe
AminoAcid DepositionusingElectronic
StructureTheory
GlenAllenFerguson
RaghavachariGroup
C500FinalReport
04/22/2005
2 151
C500FinalReport
Introduction:
The Silicon(lOO)-2xlsurfaceis oneof themosttechnologicallyrelevant
materials.It is ubiquitousin thesemiconductorindustryasthepreferredmaterialfor
usein semiconductordevices.Thispopularitymakesthesurfaceanexcitingandrich
materialforscientificinvestigation.Theresearchinthisreportcentersontwoaspects
of siliconsurfacechemistry.Thefirstaspectlooksattheinitialreactionsof oxygen
with thesilicon surfacewith thegoalof improvingtheexistingsilicontechnology.
Thesecondaddressesthequestionofhowbiomoleculesreactwiththesurfacetoform
novelmaterials.
OxygenInsertion:
Thegrowthofsiliconoxidebywet-oxidationhasrecentlybeenthesubjectof
increasinginterest!.Oneofthemajordrivingforcesbehindthisintenseinterestisthe
importanceofsilicon/siliconoxideinterfacetothesemi-conductorindustry.Silicon
oxidehasbeenwidelyusedasthegatedielectriclayerinmanymicroelectronic
devices,suchasthefieldeffecttransistors.To improvetheseimportantdevices,it is
importanttocharacterizeandunderstandtheformationofthesiliconoxide
monolayersonsiliconsurfacesatthemicroscopiclevel.Onlythenwill thedevices
continuetoachievethecriterionsetbyMoore'sLaw2.
Moore'sLawstatesthenumberoftransistorspersquareinchonanintegrated
circuitdoubleseveryyear.Inordertoadheretothisidealthefeaturesizeonsemi-
conductordevicesmustbereduced.Onepromisingwaytoreducethesizeof
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microelectronicsdevicesistoreducethethicknessofthedielectriclayer.If the
currenttrendcontinuesfuturegenerationsofsemiconductorsmayrequirethe
dielectriclayertobeafewmolecularlayers3thick.Inordertofurthertheuseof
siliconoxideasaviabledielectriclayer,it isimportanttounderstandmethodsthe
mechanismofoxygeninsertionintothesiliconsurface.ForthesereasonstheSi/SiOz
interfacehasbeenextensivelystudiedbothexperimentally4-6andtheoretically7,8.
Thesestudieshowsomeinterestingqualitiesofoxygeninsertionreactions.
Theinitialreactionofoxygenwiththesiliconsurfaceduringwetoxidationisknown
tooccurinamulti-steprocess.Theoxygeninsertionoccursonlyafterwater
decompositionthecleanSi(lOO)-(2xl)surface.Thisprocesshasbeenthoroughly
characterizedinprevioustudiesandiswellunderstood9.Hybriddensity-functional
studiesindicatethewaterdisassociationa dadsorptionoccuressentiallywithout
barrierlO.Thewaterdisassociateshomolyticallytoformahydroxylandmonohydride
whichbindtoasinglesiliconaddimer.Theresultingsurfacecontainsaddimersilicon
atomswhicharealleitherbondtoahydrogenatomorahydroxylgroup.Thisstepis
followedbyoxygeninsertionintoeitherthedimerbondorthebackbond.It isthis
nextreactionweareconcernedwithinthepresentstudy.Controlofthereactioncan
beaccomplishedbyeitherathermalmechanismorbythegenerationoffreeradicals
usingatomichydrogen.
Thermalcontrolisaccomplishedbyannealingthewaterexposedsurface.The
surfaceheatingprovidesenoughenergythermalenergytoovercomethebarrierfor
oxygeninsertion.Thethermodynamicstabilityoftheoxygeninsertioninthedimer
andthebackbondhasbeenwellcharacterizedinseveralstudies.Thesestudiesby
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StevanovandRaghavachariII andTeraishietal.12indicatethedimerbondis more
thermodynamicallyfavorablethenbackbond,indicatingthedimerinsertionwouldbe
observedmorethenthebackbondinsertion.Thestudiesfurtherimpliedthe
thermodynamicstabilityofthebackbondproductincreasedafterdimerbondinsertion.
Theincreasedstabilityresultedintheformationofmultiplyoxygenatedspecies.
Sincethecreationofahomogenoussurfacecomposedofasingledoxygenateddimer
speciesisthedesiredpathway,themultipleoxygeninsertionsareanobviousfailing
oftheannealingprocess.An alternativemethod,whichcanalleviatethesefailings,is
desirableinordertomaintaintheimprovementofsemi-conductorechnology.
Thesecondmeansisusingchemicalcontrolwhichishasbeenaccomplished
bycatalyzingthereactionatlowtempusingatomichydrogen.Theatomichydrogen
drivesthereactionofthehydroxylgroupwiththesiliconsurfacebycreatingfree
radicalsonthesurfacefollowedbyasurfacereconstruction.I recentstudiesby
Weldonet aZI3-14surfaceinfraredspectroscopyaswellasdensityfunctionalcluster
calculationsswereusedtocharacterizetheannealedandatomichydrogenexposed
surfaces.Therewasanexcellentagreementbetweenthetheoreticalndexperimental
results7.Thestudyindicatesapreferencefordimerbondinsertionoverbackbond
insertion,observedexperimentallyusingexternaltransmissioni fraredgeometryl2.
Whilethisobservationissignificant,itdidnotprovideamechanismfortheinitial
oxygeninsertionbutgivessignificantinsightastothepossiblemechanism.
Sincethemicroscopicmechanismofchemicallycontrolledoxygen
absorptionhasnotyetbeendemonstratedweproposedinthisstudywetoexamine
theinitialatomichydrogen-controlledoxygeninsertionofwet-oxidizedsiliconusing
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adensityfunctionaltheory.Eachofthepossiblepathswasmappedinorderto
demonstratethepossiblemethodsofoxygeninsertion.Themostprobablepathway
wasthencomparedtotheexperimentaldataandothertheoreticalstudies.Finallya
presentationfthemostprobablepathwayasdeterminedbytheenergybarrierwas
determined.
PeptideDeposition:
In recentyearsagreatdealof reachhasbeenfocusedonnanoscalephenomena.
Somereasonsfor this are increasesin technologyallowingmore accurate
measurementsaswellastheincreasein computerspeedswhichhaveallowedlarger
theoreticalcalculationstobeperformed.Theseadvancescanbereadilyseenin the
researchon thesiliconsurface.Morerecentlyresearchon thesiliconsurfacehas
beguntoexamineotherareasbeyondinorganicmodificationofthesiliconsurfaces.
Oneimportantareaisorganicmodificationofsiliconsurfaces.Thisareahasbeen
thesubjectof recentattention16-22.Somepossibleusesfor thenovelmaterialscreated
by organicmodificationareimprovedmicroelectronicdevices,DNA Chips,and
chemicalsensors23-25.Theformationof theseorganicmonolayerscanprovidenovel
properties,whichhavethepossibilityof leadingtoadvancesin siliconsurfacebased
technologies.One exampleis theuseof organicmoleculesto replaceexisting
dielectricmaterialsin microprocessors26.Mostof therecentresearchasfocusedon
thefundamentalsofbondingorganicmoleculestothesurfaceandtheorganizationof
organicmonolayers.Followingisanoverviewoftheareasbeingexaminedtodate.
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Thedifferenttypesof researchonorganicmodificationof siliconsurfacesarein
threedistinctcategories19.Organicmodificationhasfocusedon modificationto the
cleansiliconsurfaceunderultrahighvacuumconditions(UHV)26-31,modificationof
hydrogen terminated surfaces under either UHV conditions or wet
d.. 1722253233d h I d .c: . h d
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con ItlOns ' , , , , an aogenatesurlacesWIt un erelt er conItIonsor
wetconditions34-36.Researchconductedusingthecleansurfaceis restrictedtoUHV
duetothelargenumberofdanglingbondspresentontheunpassivatedsiliconsurface.
Thesedanglingbondsresultin anextremelyreactivesurfaceonwhichtocarryout
organicfunctionalization.Theproblemwithsucha surfaceis thatit is difficultto
prepareunderconditionswhicharefavorablefor organicmolecules.The useof
hydrogen-terminatedsurfacesi attractiveduetotheexcellentstabilityofthesurface.
In ordertomakethesurfacereactivetoorganicmodificationunderUHV conditions
severaldifferentstrategieshavebeenemployed.It ispossibletoselectivelyremovea
terminatinghydrogenusingan STM tip 22,37or UV light.The vacancyresultsin a
surfacedanglingbondthatwill reactwithorganicmoleculesinmuchthesamewayas
organosilanes.Freeradicalsreactionshavealsobeenimplicatedinthechainreactions
of someorganicmoleculesalongrowsof bondsontheSi(OO1)surface37-40.Thewet
chemistryhasfocusedontheuseofmetallicatalystsin organicsolutions.Thefinal
areaof halogenation-terminatedsurfaceshasnotbeenexploitedtoanygreatextent.
Hammersandcoworkers36havecarriedout modificationof iodineterminated
surfacesusingUV light.The reactionsof chlorinatedsurfaceshavecenteredon
Grignardandalkyllithiumreactions22.Each of theseareaspresentsinteresting
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challengesto researchers.A differentareaof researchfocusesnot on whattypeof
surfaceisbeingreactedbutthetypeofmoleculebeingattachedtothesurface.
Thecurrentfocusis surfacemodificationis to reactthesurfacewitha small
organicmoleculesor longalkylchainsthenfunctionalizeeitherthealkylgroupsor
organicmoleculesrespectively.Theattachmentofbiomoleculestothesiliconsurface
is a newandpromisingareatostudyin organicfunctionalizationf silicon.These
moleculesprovideinterestingchallengestochemists.Theycanhavemorethenone
functionalgrouptoreactwiththesurface,competingreactionsarepossible,andthe
moleculescanhavemanydifferentconformerstoreactwiththesurface.Recentwork
by Qu andcoworkers41wasfocusedon elucidatingthesedifferentreactionsfor
glycinereactionwithacleanSi(lOO)-2xl,usingelectronicstructuretheory.Thestudy
examineda singleunitcell reactionto determinethecompetitionbetweenfunctional
groupsandadoubleunitcelltoexaminethecrossdimereactions.Theresultsofthe
studyindicatedthatsilicon-oxygenbondformationwasfavoredoverthesilicon-
nitrogenor silicon-carbonbond formation41.Anotherstudyby Schmidtand
coworkers42-43focusedon thenucleicacid,uracil.Theseresultsshowpromisefor
furtherexplorationoforganicmodificationofsiliconsurfaces.
In thisreportwehaveexaminedtheanalogousbackbonereactionsofglycine,
cystine,tyrosine,andserine.Thereactionsof thepeptidebackboneswiththesilicon
surfaceareinvestigatedusingHartree-Focktheoryto comparethereactionsof the
variouspeptideswiththesurface.
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Computational Details:
OxygenInsertion:
TheclustermodelusedinthisstudywasdevelopedbyStefanovand
Raghavachari15andhasbeenshowntogivereasonabler sults.A clustermodelwas
chosenforthisstudysincetheyhavebeenshowntogivereasonablyaccurater sults
butkeepthecomputationalcosttoanaffordablevel.
TheSi9H12HOHmodelwasrepresentativeofanexcisedreactioncenterfor
oxygeninsertionontheSi(100)-(2xl)surface.Theclusterwaslayeredtocontainthe
surfacereconstructionfasilicondimeradatoms,andthefirstthroughthirdlayers.
Thelayersarecomposedoffoursiliconatoms,twosiliconatomsandonesilicon
atomforthefirstthroughthirdlayersrespectively.Themodelwasfurtherefinedto
includeterminatinghydrogenatomsatthesitesofunsaturatedvalences(dangling
bonds).By terminatedthesiteswithhydrogenatomsanyproblemsofexcesscharge
orspinwereavoided.Additionallytheterminationmaintainsthesi hybridizationof
thesiliconatoms,whichis thehybridizationpresentin theextendedsurface.The
hydrogenterminationdoesmuchtoensuretheclusterisclosetothesurface.
Thefinaltechniqueusedtoavoidunphysicalrelaxationswastheconstraintof
thethirdandfourthlayersiliconandhydrogenatoms.Thistechniqueholdsthe
constrainedatomsridgedduringtheoptimization,whileallowingtheremaining
atomsoftheclustertorelax.
Thisstudyexaminedthedifferenceintheinitialoxygeninsertionreactionin
thesiliconsurfacewhenadanglingbondisformedusingatomichydrogen.Onlythe
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pathwaysthatcanleadtotheexperimentallyproductswereexamined.Thestructures
ofthereactingstructures,theproductstructures,andthetransitionstateswereusedto
determinethekineticsoftheinitialreactions.Thefourpossiblesitesforanatomic
hydrogentoreactandformadanglingbondwereexaminedtodeterminewhat
productswouldpredominate.
Theenergeticsofthereactionsweredeterminedusingthegradientcorrected
densityfunctionalcalculationsusingB3LYP method45.TheB3LYP method
combinesBecke'sgradientcorrected3-parameterexchangefunctional45withtheLee,
Yang,andParrelectroncorrelationfunctional46.Thebasissetsusedonthe
unconstrainedatomswasthe6-31G**47andthebasissetusedontheconstrained
atomswasthe6-31G47.This levelof theoryhasbeenshownin thepasttogive
reasonableresultsl4.TheinitialreactionwereexaminedwithsecondorderM0ller-
PlessantperturbationtheorywithCCSD(T)singlepointcalculationstoensurethe
validityoftheB3LYP results.Inadditioncalibrationwasperformedusingamodel
systemwiththeQCISD(T)and6-31+G*47basisettofindanynecessarycorrection
factorstotheB3LYP energies.
Transitionstateoptimizationswereusedtolocatethetransitionstatesforeach
reaction.DifficultstructuresweredeterminedwiththeusingQST2,QST3,orrelaxed
potentialenergysurfacescans.Theresultingtransitionstateswerethenoptimized.
Todetermineif thetransitionstateswerefirst-ordersaddlepoints econd-
orderdifferentiationftheenergyminima,withrespecttothenuclearcoordinates,
wereused.Thesecalculationsalsoverifiedstructureswereataminimumonthe
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potentialenergysurfaceandgeneratedthezero-pointcorrectionfactortothe
correlationenergy.
Animationsofthefrequencieswereusedtodetermineif thestructureswere
intermediatebetweenthereactingandproductstructuresandIRC wasalsousedto
confirmtransitionstateswhentheanimationoftheimaginaryfrequencieswherenot
perfectlyclear.All calculationswereperformedwithGAUSSIAN-0345suiteof
programs.
Therelativenergieswerecalculatedbycomputingtheenergydifferenceof
theoptimizedreactingstructuresandtheenergyofthetransitionstateorproducts.
Theresultingdifferencebetweentherelativenergyofthetransitionstateand
reactingstructurewasclassifiedastheenergybarrier(Ea).
PeptideDeposition:
ThesameSi9H12clustermodelwasusedtothereactionsontheaminoacids.
Identicalconstraintswereincludedtomimictheextendedsurface.
Thereactionsoftheaminoacidbackboneandthesiliconsurfacewere
characterizedusingenthalpies.Thethreereactionsexaminedwerethatoftheamine
groupwiththesurfacetoformasiliconnitrogenbond,thereactionofthecarboxyl
groupwiththesurfacetoformasiliconoxygenbondandreactionofthecarboxyl
carbonandoxygentoformthe2+2cycloadditionproduct.
TheenergeticsofthereactionsweredeterminedusingtheB3LYP gradient
correctedensityfunctional46withthe6-31G48basisset.TheB3LYP method
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combinesBecke'sgradientcorrected3-parameterexchangefunctional46withtheLee,
Yang,andParrelectroncorrelationfunctional47.
All transitionstateswerelocatedbyoptimizationfollowedbycalculationof
seconderivatives.Thesingleimaginaryfrequencieswerevisualizedtodetermineif
theycorrespondedtothecorrecttransitionstate.Noambiguousreactionswere
observed.Todetermineif thetransitionstateswerefirst-ordersaddlepoints econd-
orderdifferentiationftheenergyminima,withrespecttothenuclearcoordinates,
wereused.All reportedenergyvaluesarezero-pointcorrected..All calculationswere
performedwithGAUSSIAN-0345suiteofprograms.
Therelativenergieswerecalculatedbycomputingtheenergydifferenceof
theoptimizedreactingstructuresandtheenergyofthereactingcomplex,the
transitionstateandproductsrespectively.Thedifferenceswereusedasthereaction
barrierswithoutentropicordynamicorrection.
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Results and Discussion:
Oxygen Insertion:
Oxygeninsertionintothewet-oxidizedsilicon(100)-(2x1)surfacecanfollow
severalpathswhicharenotequalinutility.Thetwopossiblepathwaysarethe
insertionofoxygenintothebackbondordimerbondonthesiliconsurface.The
pathwayforinsertionintothedimerbondcanproceedwithonlyonepossibleproduct
whileinsertionintothebackbondhastwoequivalentpaths.An inhomogeneous
surfacewillresultintheneedtoincreasethenumbersiliconoxidelayerstoachievea
viabledielectriclayer.If theinitialoxygeninsertionis isolatedtoreactionsinvolving
onlythedimerbondwill resultinahomogenoussurface.Thereforedimerinsertionis
preferredofthesiliconoxidelayermustbepreciselycontrolled.
PrevioustudiesoftheexposureofwetoxidizedSi(100)-(2xl)toatomic
hydrogentheoxygeninsertionbyWeldonetal.l3-14This infraredspectroscopy
measurementhelpedtoelucidateseveralimportantaspectsofthereactionmechanism.
Theoxygeninsertionwasobservedtoprimarilyoccurinthedimerbond.Thisdata
indicatesoxygenbridgingofthemonohydridesilicondimeratoms.Otherobserved
productsincludedsingleanddoubleoxygeninsertionintothebackbondsofthe
silicondimeratoms.Therelativeintensityof thedifferentvibrationalmodesindicates
apreferenceforinsertionintothedimerbond.Furthermoretheauthorsuggesta
reasonablemechanismforpreferentialinsertionintothedimerbond1z.Thesuggested
mechanismwastheinitialabstractionfthehydroxylhydrogenfollowedbythe
preferentialinsertionoftheoxygenradicalintothedimerbond.Thismechanism
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requiresthebreakingoftheoxygen-hydrogenbondcreatingadanglingbond.The
danglingbondisthenfreetoinsertintoeitherthedimerbondofthebackbond.The
nextstepwastheinsertionoftheoxygenintothedimerbondcreatingadangling
bondonthedimersiliconwhichwasformerlyattachedtothehydroxylgroup.The
finalstepisthepassivationofthedanglingbondwithfreeatomichydrogen.The
logicbehindthisproposedmechanismassumesthatheactivationbarrierfordimer
bondinsertionmustbelowerthenforbackbondinsertion.Whilethisisaverysound
mechanismit isonlyoneofseveralpossiblemechanismswhichleadtodimer
hydrogeni sertion.
Othernovelmechanismsnotbeforeproposedincludeabstractionofthe
hydrogenatomsfromthesilicondimeratomresultinginadanglingbondwhich
formsonthesurface.Thismechanismcanalsoleadtothedimerinsertionproduct
andwouldbeequallylikelyif thereactioniscontrolledbythekineticsofoxygen
insertionorbythethermodynamicstabilityoftheproducts.Thesecondnovel
mechanismthatcanleadfromthispathisthetransferofthehydroxylhydrogentothe
dimersilicondanglingbond.Thishydrogen-hoppingmechanismresultsinthe
danglingbondontheoxygenatom.Thereactioncanthenproceedbytheabovestated
mechanism.Thereforethehoppingmechanismisabridgebetweenthemechanisms
thatresultinadanglingbondontheoxygenoradanglingbondonthehydrogen.
Thereareseveralotherpossiblemechanismsthatneedtobeaddressedfor
completeness.
Twootherpossiblepathwaysaretheeliminationofwaterandtheformationof
dihydridesiliconatoms.Thefirstofthesepathwaysbeginswithatomichydrogen
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attackingthehydroxylgroup,fonninganoxygenhydrogenbond.Themechanism
finisheswitheliminationof waterfromthesurfacewithpassivationof thedangling
bondsbyatomichydrogen.Thesecondreactionistheattackofthedimersiliconby
atomichydrogen.Thereactionthencompletesaseriesofhopstofonnthefinal
structure.Bothofthesemechanismswouldbepossiblesidereactions,butthedonot
agreewellwiththeexperimentalobservations.Theymaybepossiblesidereactions
thatoccuratamuchsloweratethenthedominater actions.
In transitionstatetheoryitwouldbeexpectedthatatlowtemperaturethe
abovedescribedreactionmechanismswouldbecontrolledbythererespectivekinetic
barrierasopposedtothethennalstability.Inoutpresentworkweseektoexplainthe
whythesingleoxidizedcoupledmonohydridepredominatesunderconditionof
atomichydrogenexposure,byexaminingthereactionbarrierfortheabovereactions.
Thediscussionisorganizedinthefollowingmanner.Thedifferentpathways
will allbediscussedindetailandpotentialenergysurfaceswill bepresented.The
differentpathwaysarethendiscussedinrelationtooneanotherandthecompeting
pathwaysarecomparedindetail.Finally,themechanismbestsupportedbythedatais
presentedandcomparedtothethennodynamicpathwayof insertion.
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OxygenInsertionReactionPaths
Water EliminationReaction
A possiblesidereactionof hydrogenattackatthehydroxyloxygenwas
exploredinordertoensureitwill notseriouslycompetewiththeprimaryreaction.
Thestartingstructureforthereactionisthewet-oxidizedsiliconcluster,Si9H130H,
andatomichydrogen.Thereactionproceedsinatwostepmechanism.Thefirst
mechanismistheconcertedbreakingofthesiliconoxygenbondandtheformationof
ahydrogenoxygenbond.Thesecondstepinthemechanismisthepassivationofthe
danglingbondonthesilicontoformaverystablepassivatedSi(100)-2xlsurface.
Thereactionpathisshowninfigure1withtheenergeticsintable1.Thepartially
formedandpartiallybrokenbondsinthetransitionstatesareshownwithdashedlines.
Thefirstwaterformingstepofthereactionis0.58eVhigherthentheseparated
reactingstructures,showingasignificantenergybarriertothereaction.Theresulting
separatedproductsare-.0375eVlowerinenergythentheseparatedreactants.
Passivationthenoccurswithoutbarriertoformthefinalproduct.Theoverallreaction
isfoundtobeexothermicby-3.875eV.Comparisonwiththeothereacting
structuresshowsthereactionistheleastexothermicwithaninitialreactionbarrier
0.34eVhigherthenthenexthighestbarrier.Thereactionisbelievedtooccur
infrequentlyincomparisontotheotherinvestigatedpathways.
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HydroxylHydrogenAbstraction
Thereactionoftheatomichydrogenwiththehydroxyloxygenwasexamined
asapotentialpathwayforoxygeninsertionintothedimerandbackbonds.Wet
oxidizedsilicon(lOO)-2x1,modeledusingtheSi9H130Hclustermodelwasusedas
thestartingstructure.Thereactionconsistsofamulti-steprocessinwhichthe
hydroxyloxygenisabstractedproducingafreeradical.Thepathwaythenhasa
bifurcationi totwoseparatepaths.Onepathleadstotheformationofthedimer
insertedoxygenproduct.Thesecondpathresultsinanoxygeninsertioninthe
backbond.Thepotentialenergysurfaceisshowninfigure2withtheenergetics
reportedintable1.
Theabstractionfthehydroxylhydrogenisthefirststepinthereactionpath.
Thereactionproceedswithabondformationbetweenthehydroxylhydrogenandthe
atomichydrogenandabreakingofthebondbetweentheoxygenandthehydroxyl
hydrogen,formingatomichydrogenandadanglingbondontheoxygen.Thekinetic
barrieris0.24eVhigherthentheenthalpyofthereactingstructuresandtheproducts
areexothermicby -.0.24eV.
Thereactionthenhasthepossibilityoftwodifferentcompetingreactions.
Oxygenisfreetoeitherinsertintothedimerbondoroneoftwobackbonds.The
dimerinsertionpathwayisaconcertedmechanisminwhichtheoxygenwiththe
danglingbondbreaksthesilicon-silicondimerbondcreatingadanglingbondonone
ofthedimersiliconatoms.Thereactionis-0.10eV lowerthenthecombinedreacting
structuresand0.13eV higherthenthehydrogenabstractionproducts.Overallthe
reactionisveryexothermiccomparedtothecombinedreactingstructuresby-2.24eV.
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Theinsertionreactionpathis completedwhenthedanglingbondonthesilicon
combineswithatomichydrogenwithoutanactivationbarrier.Thefinalstructureis
veryexothermicbeing-5.84eVlowerinenergythenthecombinedreacting
structuresand-3.61eVlowerthenthedimerinsertionproduct.
Thesecondpossiblereactionistheinsertionoftheoxygenintothedimerback
bond.Whiletwopossibilitiesexisthesymmetricnatureofthemoleculeindicates
bothpathswill beidentical.Thebackbondinsertionoccurswhenthedanglingbond
ontheoxygenreactswithasecondlayersiliconatomtoformanoxygenbridge
betweenthefirstandsecondrows.Thetransitionis-0.10eV lowerthenthecombined
reactionstructuresand0.13eV higherthenthereactingstructure.Thefinalstructure
is-5.41eV lowerthenthecombinedreactingstructuresand-3.58eV lowerthenthe
productsoftheinsertionreaction.
Thetworeactionsareverysimilarfromanenergeticstandpoint.Thereaction
relativenthalpieswerecalculatedtobeextremelycloseforeitherinsertionreaction.
Theonlydifferenceinthecalculatedprofileofthepotentialenergysurfaceisthe
greaterstabilityofthedimerinsertionproduct,withboththeradicalproductsandthe
finalproductsdifferingby0.3eV.
Theinitialhydrogenabstractionfromthehydroxyloxygenwasinvestigated
withMP2inordertoexaminetheappropriatenessofB3LYP forthehydrogen
abstractionreaction.TheMP2energyof 1.01eVis0.77eVhigherthentheB3LYP
energies.A CCSD(T)singlepointwascarriedoutgivinganenergyof 1.03eV,which
isnotasignificantdifferencefromtheMP2energies.ThelargedifferenceintheMP2
andB3LYP energiesindicatesasignificantfailingofthedensityfunctionaltheoryfor
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thisclassofreactions.Whileitisnownecessarytoreoptimizetheentirereactionpath
withMP2sufficienttimewasnotavailablebeforethepublicationofthisreport.
DimerHydrogenAttack
HydroxylHydrogenAbstraction
Thereactionoftheatomichydrogenwiththemonohydridesiliconwas
examined.ThewetoxidizedSi(100)-2xl,modeledusingtheSi9H130Hclustermodel
wasusedasthestartingstructure.Thereactionconsistsofamulti-steprocessin
whichthehydrogenisabstractedfromthesurfaceproducingadanglingbondonthe
siliconandmolecularhydrogen.Inordertocompletethereactiontheoxygencan
insertintothedimerbondfollowedbyhydrogentransferf omtheoxygentoa
danglingbondononeoftheadjacentsiliconatomsandfinallypassivationbyfree
atomichydrogen.A secondpossiblepathresultsinanoxygeninsertioninthe
backbondfollowedbyhydrogentransferandpassivation.Thepotentialenergy
surfaceisshowninfigure3,withtheenergeticsreportedintable1.
Theabstractionofthesiliconmonohydridehydrogenisthefirststepinthe
reactionpath.Thereactionproceedswithabondformationbetweenthesilicon
monohydridehydrogenandtheatomichydrogenfollowedbythebreakingofthe
bondbetweenthesiliconandhydrogen.Molecularhydrogenandasilicondangling
bondareformedastheintermediate.Thekineticbarrieristhesameastheenthalpyof
thereactingstructuresandtheproductsareexothermicby-.1.075eV.
Thereactionthenhasthepossibilityoftwodifferentcompetingreactions.The
hydroxylgroupisfreetoeitherinsertintothedimerbondoroneoftwobackbonds.
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Thedimerinsertionpathwayisaconcertedmechanisminwhichthehydroxylgroup
breaksthesilicon-silicondimerbondcreatingdanglingbondsonbothofthedimer
siliconatoms.Thereactionis 0.525eV higherthenthecombinedreactingstructures
and.6133eV higherthenthehydrogenabstractionproducts.Thetransferof atomic
hydrogenfromtheoxygentothedimersiliconhasabarrierof0.722eV. Overallthe
reactionisexothermiccomparedtothecombinedreactingstructuresby-2.24eV.The
insertionreactionpathiscompletedwhenthedanglingbondonthesiliconcombines
withatomichydrogenwithoutbarrier.Thefinalstructureisveryexothermicbeing
-5.85eVlowerinenergythenthecombinedreactingstructures.
Thesecondpossiblereactionistheinsertionofthehydroxylintothe
backbond.Thebackbondinsertionoccurswhenthehydroxylgroupreactswitha
secondlayersiliconatomtoformahydroxylbridgebetweenthefirstandsecond
rows.Thetransitionstateis 1.0eV higherthenthecombinedreactionstructures.A
hydrogentransferthenoccursfromthehydroxylgrouptothedimersilicon.The
barrierforthehydrogentransferis 1.1eV abovetheenergyofthecombinedreacting
products.Thereactioniscompletedbyfreehydrogenpassivationoftheremaining
silicondanglingbond.Thefinalstructureis-5.51eVlowerthenthecombined
reactingstructures.
Theinitialhydrogenabstractionfromthehydroxyloxygenwasinvestigated
withMP2inordertoexaminetheappropriatenessofB3LYP forthehydrogen
abstractionreaction.TheMP2energyof0.480eVis0.48eVhigherthentheB3LYP
energies.A CCSD(T)singlepointwascarriedoutgivinganenergyof0.50eV,which
isnotasignificantdifferencefromtheMP2energies.ThelargedifferenceintheMP2
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andB3LYP energiesindicatesasignificantfailingofthedensityfunctionaltheoryfor
thisclassofreactions.Whileit isnownecessarytoreoptimizetheentirereactionpath
withMP2sufficienttimewasnotavailablebeforethepublicationofthisreport.
In ordertounderstandthefullextenttowhichB3LYP failsinthereactiona
modelsystemwasexploredusinghighlyaccuratequantumchemicalmethods.The
modelsystemconsistedofahydrogenabstractionfromasilanemoleculebyatomic
hydrogentoformasilaneradicalandmolecularhydrogen.Theenergeticsthe
reactionsarereportedintable2.Theenergeticsforthetransitionstateindicateclose
agreementbetweentheMP2andQCISD(T)energies,adifferenceof0.03eV,
indicateMP2isanappropriatel veloftheorytodescribethereaction.Howeverthe
differenceof0.61eVbetweentheMP2andB3LYP energiesindicateasevere
underestimateofthebarrierheightsbyB3LYP. Thereactionenergeticsmust
thereforebecorrectedbyeitheroptimizingthestructuresattheMP2leveloftheory
orbycarefullydevelopingcorrectionfactorsfortheB3LYP energies.
HydrogenHoppingMechanism
Thehydrogenhoppingmechanismisapossiblelinkbetweenthetwo
reactionsaftertheinitialhydrogenabstractionfromthemonohydridesilicon.Thelink
occursafterhydrogenabstractionfromthemonohydridesiliconbyatomichydrogen.
Thereisapossibilitythehydrogenwill transferf omthehydroxylgrouptothesilicon
dimerquenchingthedanglingbondonthesiliconandcreatinganewdanglingbond
onthehydroxylgroup.Theenergeticsforthereactionisreportedintable1.The
barrierforthetransitionstateofthehopis 1.00eVabovetheseparatedreactants.
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Thisis0.50eVhigherthenthedimerinsertionreactionwhichfollowsthe
monohydrideabstraction.Theenergyisalmostthesameforthebackbondinsertion
followingamonohydrideabstraction.Thelargedifferencebetweenthedimerand
backbondinsertionenergiesindicatedthiswill notbeasignificantsidereaction
leadingtoundesiredproducts.
Comparisonof reactions
Thereactionsthusfarcharacterizedindicatecompetitionbetweentheproducts
of themonohydrideandhydroxylhydrogenabstractions.Thelowerkineticbarrierof
themonohydrideabstractioni dicatesthereactionwill occuratagreatratethenthe
hydroxylabstraction.However,theoverallowerenergyof thehydroxylabstraction
makesit seemlike a morefavorablereactionpathway.Sincetheexperimental
evidence13indicatesthedimerbondis preferred,anasyetunexplainedpartof the
reactionmustberesultinginanavoidanceofthemonohydrideabstractionproductsto
reactonthesurface.Howevermorecalculationsathigherlevelsoftheoryareneeded
tounderstandtheentiretyofthereaction.
PeptideDeposition
Thedepositionof aminoacidsontothecleansilicon(100)-2x1surface,when
thebackboneis theassumedreactionsite,canoccurby a threemechanisms.The
possiblereactions,eenin figure4,arethehydrogentransferreactionsof theamino
andcarboxylfunctionalgroupwitha surfacesilicondimer,andthecycloaddition
reactionof thecarboxylfunctionalgroup.Reactionsof thevariousR-groupswiththe
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surfacealsopresentaninterestingareathatwasnotexploredin thisreport.If the
surfaceis selectivefor a singlefunctionalgroupthena homogenousmonolayerof
withavailablefunctionalgroupscouldbeformed.
The previousstudyby Qu et. al. has foundthe both thermodynamicand
kineticselectivityforthehydroxyldissociationonthesurface41.Thestudyexamined
boththereactionbetweendimmersandthereactionsonsingledimmers.Inbothcases
thesameresultwasindicated.Thisstudywascorroboratedbyarecentexperimental
studyby Lopez et. al.47,in whichtheauthorsusedthermodynamicalculationsas
well ashigh-resolutionelectronlossspectroscopy(HREELS) to studytheinitial
reactionof glycineon theSi (1OO)-2x1surface.This studyalsoindicateda selective
bondingofthehydroxylbondtotheexclusionofanyotherdetectabletypeofbonding.
Thediscussionisorganizedinthefollowingmanner.Thethreedifferenttypes
ofpathwaysforeachaminoacidwillbepathwayswill allbediscussedandthe
differencesin-betweeneachwill beexamined.
PeptideDepositionReactionPaths
AmineFunctionalGroupReactions
Thereactionof theaminogroupwiththecleansiliconsurfaceproceedsviaa
hydrogentransferreaction.Thereactionoccursbyfirstforminga complexbetween
theaminonitrogenanda danglingbondon thesilicondimer.Theweaklybound
complexthenreactsinaconcertedmechanismtoformabondbetweenthesiliconand
theaminegroup.Simultaneouslyanaminehydrogendissociatesandformsa bond
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withtheadjacentsilicondanglingbond.Theresultingstructurecanbeseenin figure
4.
The effectsof the R-groupon the energeticsof the reactionsarenot
significant.As canbeseenin table2, thecomplexationenergiesfor glycine,cystine,
tyrosine,andserineare-33.91kcal/mol,-28.29kcal/mol,-32.75kcal/mol,and-30.07
kcal/molformtheseparatedreactantsrespectively.Thedifferencesbetweenthesedo
notrepresentanysignificanteffectsof theR-groupwhenthereactionoccursonone
dimer.A similartrendcanbeseenin thetransitionstateandproductenergies.All
energiesare below the vacuumlevel which indicatesthe reactionswould occur
overallwithoutanybarrier.
An attemptwas madeto obtainthe glycine nitrogendissociationresults
reportedbyQuet.al.41weveratthetimeofprintingthemethodologyhadnotyetbeen
elucidated.It is possibletheconformationusedin thereactiondifferedsignificantly
fromourcalculations.Futureworkonthisprojectwill includedeterminationf the
energeticsofdifferentconformers.
CarboxylFunctionalGroupReactions
Thereactionofthecarboxylgroupwiththecleansiliconsurfaceproceedsvia
ahydrogentransferreaction.Thereactionoccursbyfirstformingacomplexbetween
thehydroxylgroupof thecarbonylanda danglingbondonthesilicondimer.The
weaklyboundcomplexthenreactsinaconcertedmechanismtoformabondbetween
thesiliconandthehydroxylgroup.Simultaneouslythehydroxylhydrogendissociates
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andformsabondwiththeadjacentsilicondanglingbond.Theresultingstructurecan
beseeninfigure4.
The effectsof theR-groupon theenergeticsof the reactionsare not
significant.Ascanbeseenintable2,thecomplexatione ergies,transitionstates,and
productsforglycine,cystine,tyrosine,andserinearerelativelyclosein energy.All
arebelowtheenergyof thecombinedreactingstructuresindicatingoverallthe
reactionsoccurwithoutbarrier.Thedifferencesbetweenthesedonotrepresentany
significanteffectsoftheR-groupwhenthereactionoccursononedimer.
OnetrendwithseparatestheCarboxyldissociationfromtheothereactionare
thenonexistentreactionbarriersof thehydrogendissociation.It wouldbeexpected
thatthehydrogentransferwouldhavesomebarrier.Howeverit is possibleHartree-
Focktheoryis e\underestimatingtheenergy.If thebarrieris smallandcomposed
mostlyof correlationenergythebarrierwouldbemissed.To testthishypothesisthe
reactionmustbecharacterizedatahigherlevelof theory.
Carboxyl[2+2]CycloadditionReactions
A secondreactionof thecarboxylgroupwith thecleansiliconsurface
proceedsviaa [2+2]cycloaddition.Thereactionoccursby firstforminga complex
betweenthecarbonyloxygendoublybondedto thecarbonof thecarbonylanda
danglingbondon thesilicondimer.Theweaklyboundcomplexthenreactsin a
concertedmechanismtoformabondbetweenthesiliconandtheoxygen,whichloses
itsdoublebondcharacter.Simultaneouslythecarbonlosesdoublebondcharacterand
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formsabondwiththeadjacentsilicondanglingbond.Theresultingstructurecanbe
seeninfigure4.
The effectsof the R-groupon the energeticsof the reactionsare not
significantin mostcases.As canbeseenin table2, thecomplexationenergies,
transitionstates,andproductsforglycine,cystine,tyrosine,andserinearerelatively
closein energy,withtheexceptionof thecystinecomplexationenergy.A slight
differencein thebindingenergyindicatesaslighteffectof thecystinesulfidegroup.
It is alsopossibleit ismerelyanunfavorableconformationftheaminoacid.Further
investigationis neededtoexaminethisconjecture.All energiesarebelowtheenergy
of thecombinedreactingstructuresindicatingoverallthereactionsoccurwithout
barrier.
Conclusion
We haveinvestigatedthereactionsof aminoacidson siliconsurfacesand
oxygeninsertionreactionsofwetoxidizedsilicon.Thesupportforthemechanismof
oxygeninsertionisnotyetcomplete.Furthercharacterizationofthemechanismusing
moreaccuratequantumchemicalmethodsareneededbeforefinaldeterminationf
themechanismcanbemade.
Thedepositionof aminoacidshasbeeninvestigated.Whilemoreaccurate
modelchemistriesarenecessaryseveralthingscanbeconcludedfromthepreliminary
study.Theconformationof theaminoacidmaybesignificantin determiningthe
energyof thesystemandtheR-groupsmostlikelydonotsignificantlyaffectthe
energetics.
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Figure 1. The reaction initial reaction of water elimination from the reaction of atomic hydrogen
with the wet oxidized silicon surface.
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Table1.Theenergeticsof theoxygeninsertionreactions.
Reaction Coordinate
!limerijy!i!;,g,WlAq§tj;acti~m~Jnsertion
Reactants 2H.+H-Si-Si-OH
TransitionState1 H' +H--H--Si-Si-OH
Intermediate1 H' +H2+*Si-Si-OH
TransitionState2 H' +H2+*Si--OH-Si
Intermediate2 H' +H2+*Si-OH-Si*
TransitionState3 H' +H2+*Si-O--H--Si*
Intermediate4 H' +H2+*Si-O-Si-H
Product H2+H-Si-O-Si-H
DimerHydrog~nApstractionlBac1d?ond.Jnsertion
Reactants 2H'+H-Si-Si-OH
TransitionState1 H' +H--H--Si-Si-OH
Intermediate1 H' +H2+*Si-Si-OH
TransitionState2 H' +H2+*Si-Si-OH--(Si)
Intermediate2 H' +H2+*Si-Si*-OH-(Si)
TransitionState3 H' +H2+*Si-Si*--H--O-(Si)
Intermediate4 H' +H2+*Si-Si(H)-O-(Si)
Product H2+H-Si-Si(H)-O-(Si)
bilIler£IYW:ogel1.~pstlJ!\lctio~Nogen\aoR~haelJ~.semon
Reactants 2H'+H-Si-Si-OH
TransitionState1 H' +H--H--Si-Si-OH
Intermediate1 H' +H2+*Si-Si-OH
TransitionState2 H' +H2+*Si--H--O-Si
Intermediate2 H' +H2+H-Si-Si-O*
TransitionState3 H' +H2+H-Si--O*--Si
Intermediate4 H' +H2+H-Si-O-Si*
Product H2+H-Si-O-Si-H
DilIlerJIYdroge11 AJ2str!\lctiopJijydrogen..Ho1?~apl<b011dil11§ertion
Reactants 2H'+H-Si-Si-OH
TransitionState1 H' +H--H--Si-Si-OH
Intermediate1 H' +H2+*Si-Si-OH
TransitionState2 H' +H2+*Si--H--O-Si
Intermediate2 H' +H2+H-Si-Si-O*
TransitionState3 H' +H2+H-Si-Si--O*--(Si)
Intermediate4 H' +H2+H-Si-Si*-O-(Si)
Product H2+H-Si-Si(H)-O-(Si)
O~ygen.Hydrogel1ts:Abs~rac~ign/PjlIlerin~erti!1>1l..
Reactants 2H'+H-Si-Si-OH
TransitionState1 H' +H-Si-Si-O--H--H
Intermediate1 H' +H-Si-Si-O*+H2
TransitionState2 H' +H-Si--O*--Si+H2
Intermediate2 H' +H-Si-O-Si*+H2
Product H-Si-O-Si-H+H2
OxygenEydrQgen1\.bstfacfioniBacRbond.insertioll
Reactants 2H'+H-Si-Si-OH
TransitionState1 H' +H-Si-Si-O--H--H
Intermediate1 H' +H-Si-Si-O*+H2
TransitionState2 H' +H-Si-Si-O*--(Si)+H2
Intermediate2 H' +H-Si-Si*-O-(Si)+H2
WaterElimination
Reactants
TransitionState1
Intermediate1
Product
Stoichiometry
RelativeEnergies,
eV
0.000
-0.001
-1.075
0.525
-0.113
0.722
-2.237
-5.846
0.000
-0.001
-1.075
1.003
0.589
1.091
-1.937
-5.515
0.000
-0.001
-1.075
1.007
-0.237
-0.103
-2.237
-5.846
0.000
-0.001
-1.075
1.007
-0.237
-0.109
-1.937
-5.515
0.000
0.237
-0.237
-0.103
-2.237
-5.846
0.000
0.237
-0.237
-0.109
-1.937
2H' +H-Si-Si-OH
H' +H-Si-Si--H--OH
H' +H-Si-Si* +H2O
H-Si-Si-H +H2O
0.000
0.575
-0.378
-3.875
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Table2.Theenergeticsof thereactionofsilaneandatomichydrogenwithdifferentmodel
chemistries.
LevelofTheory
DFT/6-31+G*
Coordinate
Reactants
RelativeEnergies,kcal/mol
TransitionState
Product
0.00
19.19
-16.78
Mr2/6-31-!cG* ~~aC~!1t~
TransitionState
Product
0.00
33.34
-7.31
QCISD/6-31+G*
Product
0.00
34.10
-5.94
Reactants
TransitionState
30 179
C500FinalReport
Table3.Theenergeticsoftheaminoacidbackboneswiththesiliconsurface.
Reaction
<!i!ycjD.e
N-H Dissociation
Coordinate RelativeEner~ies,kcal/mol
Reactant 0
-33.91
-10.82
-63.24
0
-37.33
-38.21
-74.60
0
-22.082
-18.34
-39.48
COOH [2+2)Cycloaddition
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
COOH Dissociation
Cystine
N-H Dissociation
COOH [2+2)CycIoaddition
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
0
-28.29
-6.99
-62.86
0
-34.58
-35.75
-74.08
0
-17.27
-15.32
-38.45
COOH Dissociation
Tyrosine
N-H Dissociation
COOH Dissociation
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
0
-32.75
-8.12
-62.47
0
-36.05
-36.74
-75.09
0
-20.55
-17.41
-39.44
COOH [2+2)CycIoaddition
Serb1,~
N-H Dissociation
COOH [2+2)CycIoaddition
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
Reactant
Complex
TransitionState
Product
0
-30.07
-7.14
-61.59733168
0
-34.82456585
-36.13664552
-74.50569964
0
-19.29853967
-18.54723884
-38.43997165
COOH Dissociation
31 180
C500FinalReport
References:
1Z.Massound,E.H.P.,C.R.Helms."ProceedingsoftheIst-3rdInternationalSymposiumonthe
PhysicsandChemistryof Si02 andtheSi/Si02 Interface",1988-1996,Pennington,NJ.
2Morre,G. In IEDM Tech,1975;Vol. DigestII.
3al.,G. T. e.In IEDM Tech.Dig., 1997;pp930.
4Andersohn,L.; Kohler,U. SurfaceScience1993,284,77.
5 Chander,M.; Li, Y. Z.; Patrin,J. C.; Weaver,J. H. PhysicalReviewB 1993,48,2493.
6Struck,L. M.; Eng,1.;Bent,B. E.; Flynn,G. W.; Chabal,Y. J.; Christman,S. B.; Chaban,E. E.;
Raghavachari,K.; Williams,G. P.; Radermacher,K.; Mant!,s. SurfaceScience1997,380,444.
7Raghavachari,K.; Chabal,Y. 1.;Struck,L. M. ChemicalPhysicsLetters1996,252,230.
8Konecny,R.; Doren,D. 1.Journal of ChemicalPhysics1997,106,2426.
9P. A. Thiel, T. E. M. SurfaceScienceReports1987,7,211.
1°Konecny,R. andDoren,D. J. Journal of theAmericanChemicalSociety.1997,6,2426.
II Stefanov,R R; Raghavachari,K. SurfaceScience1997,389,Ll159.
12Teraishi,K.; Takaba,H.; Yamada,A.; Endou,A.; Gunji,1.;Chatterjee,A.; Kubo,M.; Miyamoto,A.;
Nakamura,K.; Kitajima,M. Journal afChemicalPhysics1998,109,1495.
13Weldon,M. K.; Queeney,K. T.; Gurevich,A. R; Stefanov,R R; Chabal,Y. J.; Raghavachari,K.
Ibid.2000,113,2440.
14Weldon,M.K.;Stefanov,RR; Raghavachari,K.; andChabal,YJ. PhysicalReviewLetters1997,
79,15,2851.
15Stefanov,R R; Raghavachari,K. AppliedPhysicsLetters1998,73,824.
16Lu,X.,andLin,M.C.(2002).Reactionsofsome[C,N,O]-containingmoleculeswithSi surfaces:
experimentalandtheoreticalstudies.InternationalReviewsinPhysicalChemistry21,137-184.
I7.Bent,S.F.(2002).OrganicfunctionalizationfgroupIV semiconductorsurfaces:principles,
examples,applications,andprospects.SurfaceScience500,879-903.
18.Yates,1.T.(1998).A NewOpportunityinSilicon-BasedMicroelectronics.Science279,335-336.
19.Filler,M.A.,andBent,S.F.(2003).Thesurfaceasmolecularreagent:organichemistryatthe
semiconductorinterface.ProgressinSurfaceScience73,I-56.
2°.Bent,S.F.(2002).AttachingOrganicLayerstoSemiconductorSurfaces.JournalofPhysical
ChemistryB 106,2830-2842.
21.Buriak,1.M.(2002).OrganometallicchemistryonSiliocnandGermaniumSurfaces.Chemical
Reviews102,1271-1308.
22.Wayner,D.D.M.,andWolkow,R.A. (2002).Organicmodificationofhydrogenterminatedsilicon
surfaces.Journalof theChemicalSociety-PerkinTransactions2,23-34.
23.Patole,S.N.,Pike,A.R.,Connolly,B.A.,Horrocks,RR., andHoulton,A. (2003).STMstudyof
DNA filmssynthesizedonSi(1ll) surfaces.Langmuir19,5457-5463.
24.Lin,Z.,Strother,T.,Cai,W.,Cao,X.P.,Smith,L.M.,andHamers,RJ. (2002).DNA attachmentand
hybridizationatthesilicon(100)surface.Langmuir18,788-796.
25.Sieval,A.R, Linke,R.,Heij,G.,Meijer,G.,Zuilhof,H.,andSudholter,EJ.R. (2001).Amino-
terminatedorganicmonolayersonhydrogen-terminatedsiliconsurfaces.Langmuir17,7554-7559.
26.Loh,K.P.,Kingsley,C.R.,Foord,J.S.,andJackman,R.B.(1995).TheInteractionofAzomethane
withSi(lOO).SurfaceScience341,92-102.
27.zhu,X.Y., Mulder,J.A., andBergerson,W.F.(1999).Chemicalvapordepositionoforganic
monolayersonSi(lOO)viaSi-N linkages.Langmuir15,8147-8154.
28.Mulcahy,C.P.A.,Carman,A.J., andCasey,S.M.(2000).Theadsorptionandthermaldecomposition
ofdimethylamineonSi(lOO).SurfaceScience459,1-13.
29.Mui,c., Wang,G.T.,Bent,S.F.,andMusgrave,C.R (2001).Reactionsofmethylaminesatthe
Si(lOO)-2xlsurface.JournalofChemicalPhysics114,10170-10180.
30.Cao,X.P.,andHamers,R.J. (2002).Formationofasurface-mediateddonor-acceptorcomplex:
Coadsorptionoftrimethylamineandborontrifluorideonthesilicon(001)surface.JournalofPhysical
ChemistryB 106,1840-1842.
32 181
C500FinalReport
31.WU,J.B.,Yang,Y.W.,Lin,Y.F., andChiu,H.T.(2004).Adsorptionanddecompositionstudiesoft-
butylamine,diethylamine,andmethylethylamineo Si(100)-(2x I). JournalofPhysicalChemistryB
J08,1677-1685.
32.Cerofolini,G.F.,Galati,c., Reina,S.,andRenna,L. (2003).Functionalizationf the(100)surface
ofhydrogen-tenninatedsiliconviahydrosilationof l-alkyne.MaterialsScience& EngineeringC-
BiomimeticandSupramolecularSystems23,253-257.
33.Sieval,A.B.,Vleeming,V.,Zuilhof,H.,andSudholter,E.J.R.(1999).An improvedmethodforthe
preparationforganicmonolayersof I-alkenesonhydrogen-terminatedsiliconsurfaces.Langmuir15,
8288-8291.
34.Bansal,A., Li, X.L.,Yi, W.H.,Lauennann,N.S.,Yi, S.I.,andWeinberg,W.H.(1996).Alkylationof
SiSurfacesUsingaTwo-StepHalogenationGrignardRoute.JournaloftheAmericanChemical
Society118,7225.
35.Bansal,A., Li, X.L.,Yi, S.I.,Weinberg,W.H.,andLewis,N.S.(2001).SpectroscopicStudiesofthe
MoificationofCrystallineSi(lll) SurfaceswithConvalentlyAttachedAlkylChainsUsinga
Chlorination/AlkylationMethod.JournalofPhysicalChemistryB 105,10266.
36.Cai,W.,Lin,Z.,Strother,T.,Smith,L.M.,andHamers,RJ. (2002).ChemicalModificationan
PatterningofIodineTerminatedSiliconSurfacesUsingVisibleLight.JournalofPhysicalChemistryB
106,2656.
37.QU,Y.Q.,andHan,K.L. (2004).TheoreticalstudiesofbenzonitrileattheSi(100)-2x I surface.
JournalofPhysicalChemistryB J08,8305-8310.
38.Lopinski,G.P.,Wayner,D.D.M.,andWolkow,R.A.(2000).Self-DirectedGrowthofMolecular
NonowiresonSilicon.Nature406,48-51.
39.Sieval,A.B.,vandenHout,B.,Zuilhof,H.,andSudholter,EJ.R. (2000).MolecularModelingof
AlkylMonolayersontheSi(1ll) Surface.Langmuir16,2987-2990.
4°.Cho,1.H.,Oh,D.H.,andKleinman,L. (2002).One-dimensionalMolecularWireonHyrogenated
Si(OOI).PhysicalReviewB 65,0813lO(R).
41.QU,Y.Q.,Wang,Y., Li, 1.,andHan,K.L. (2004).Quantumchemicalstudyofsurfacereactionsof
glycineontheSi(100)-2X 1surface.SurfaceScience569,12-22.
42.Seino,K., andSchmidt,W.G.(2004).ReflectanceanisotropyofuracilcoveredSi(OOI)surfaces:Ab
initiopredictions.SurfaceScience548,183-186.
43Seino,K.,Schmidt,W.G.,andBechstedt,F. (2004).Organicmodificationofsurfacelectronic
properties:A first-principlesstudyofuracilonSi(OOI).PhysicalReviewB 69.
44M. J. Frisch,G.W.T.,H. B.Schlegel,G.E.Scuseria,M. A. Robb,J. R. Cheeseman,1.A.
Montgomery,Jr., T. Vreven,K. N. Kudin,J. C.Burant,1.M. Millam,S.S.Iyengar,J. Tomasi,V.
Barone,B.Mennucci,M. Cossi,G.Scalmani,N. Rega,G.A. Petersson,H.Nakatsuji,M. Hada,M.
Ehara,K. Toyota,R. Fukuda,1.Hasegawa,M. Ishida,T.Nakajima,Y. Honda,O.Kitao,H.Nakai,
M. KIene,X. Li, 1.E.Knox,H.P.Hratchian,1.B.Cross,C.Adamo,1.Jaramillo,R. Gomperts,R.E.
Stratmann,O.Yazyev,A. 1.Austin,R.Cammi,C. Pomelli,1.W.Ochterski,P.Y. Ayala,K.
Morokuma,G.A. Voth,P.Salvador,1.1.Dannenberg,V. G.Zakrzewski,S.Dapprich,A. D.Daniels,
M. C.Strain,O.Farkas,D. K. Malick,A. D.Rabuck,K. Raghavachari,1.B.Foresman,J. V. Ortiz,
Q.Cui,A. G.Baboul,S.Clifford,1.Cioslowski,B.B.Stefanov,G.Liu,A. Liashenko,P.Piskorz,I.
Komaromi,R.L. Martin,D. 1.Fox,T. Keith,M. A. AI-Laham,C.Y. Peng,A. Nanayakkara,M.
Challacombe,P.M. W.Gill, B. Johnson,W.Chen,M. W.Wong,C.Gonzalez,andJ. A. Pople.
GAUSSIAN03,REVISIONB.02,Gaussian,Inc.,PittsburghPA, 2003.
44Becke,A. D.JournalofChemicalPhysics1993,98,5648.
45Lee,C.T.;Yang,W.T.;Parr,R.G.PhysicalReviewB 1988,37,785.
46W.1.Hehre,L. R.,P.V. R. Schleyer,1.A. PopleAbInitioMolecularOrbitalTheory;Wiley:New
York,1986.
47Lopez,A. Heller,T. Bitzer,T. Richardson,N.V.Chern.Phys.277(2002)I.
